1. Introduction {#sec0005}
===============

Bioconversion of lignocellulosic biomass to ethanol is considered to be one of the most important alternatives to petroleum based liquid fuels [@bib0070], [@bib0075], [@bib0085], [@bib0145], [@bib0175]. Lignocellulosic biomass are highly abundant, have high energy potential and are low cost materials for ethanol production. Typical sources are forest products, agricultural residues, municipal solid waste, and dedicated energy crops [@bib0090], [@bib0155].

Corncobs, a byproduct of corn grain production, were once used for heat, animal feed and manure for agricultural production in some parts of Europe, while in the United States, corncobs are currently being used as a potential feedstock for cellulosic ethanol production due to its low lignin and high carbohydrate contents. Moreover, corncobs have a high heating value (HHV) producing approximately 8000 Btu/lb. The average corncob yield is about 14% of grain yield, which represents about 16% of the total corn stover in a field [@bib0160], [@bib0110], [@bib0020].

Among the different technologies [@bib0125], [@bib0165] available for the conversion of lignocellulosic biomass to suitable fermentation substrates, the enzymatic conversion of cellulose seems to be the most promising approach to get a high yield of fermentable sugars [@bib0040] because it is highly specific and does not produce substantial amounts of unwanted byproducts [@bib0190]. The enzymatic hydrolysis process is usually catalyzed by cellulase enzymes and the process is affected by many factors including cellulose fibre protection by hemicelluloses and lignin, cellulose crystallinity, degree of polymerization, degree of acetylation of hemicelluloses and the accessible surface area of the biomass [@bib0140]. The presence of hemicelluloses and lignin makes the cellulase enzymes\' access to cellulose difficult, which will reduce hydrolysis efficiency. Therefore, the structure of cellulosic biomass must be pretreated prior to enzymatic hydrolysis to make cellulose more accessible to enzymatic conversion [@bib0145], [@bib0055]. Various physical, chemical, physico-chemical and biological pretreatment methods have been well-investigated for ethanol production from lignocellulosic biomass [@bib0180], [@bib0080], [@bib0175]. The purpose of the pretreatment is mainly to increase the accessibility of the enzymes to cellulose the by solubilisation of hemicelluloses or/and lignin, and by decreasing the degree of polymerization and cellulose fibre crystallinity [@bib0060]. Moreover, adding surfactants has also improved the effectiveness of the cellulose hydrolysis [@bib0015], [@bib0050].

To improve the rate of enzymatic hydrolysis, researchers have focused on the study of multiple enzymatic hydrolysis process parameters, including substrate concentration, and reaction conditions such as hydrolysis time, pH, temperature and addition of surfactants [@bib0175]. Optimal parameters are highly dependant on the physico-chemical structure of the digested biomass, and different pretreatment methods will produce substantially different biomass. Pretreatment in a twin-screw extruder can be used (among other things) to hydrolyze and remove the hemicellulose fraction [@bib0115], [@bib0120], [@bib0035]. However, the effect of xylose removal via extrusion pretreatment, along with other process parameters on the enzymatic hydrolysis of corncobs, has not yet been systematically characterized. In the present study, two differently extruded corncobs with 7% xylose removal and 80% xylose removal, respectively, were used as a source of enzymatic hydrolysis. The characteristics of these two materials were examined by SEM and XRD. A face-centered central composite design was used to study the combined effects of various enzymatic hydrolysis process variables (enzyme loading, surfactant addition, and hydrolysis time) with these two extruded corncobs (7% xylose removal, 80% xylose removal).

2. Materials and methods {#sec0010}
========================

Materials {#sec0015}
---------

Corncobs were obtained from local farmers in Chatham, ON, Canada. Corncobs were cleaned and ground to the particle size of 0.5--1 cm^3^ and moisture was adjusted to 50% dry matter. Corncobs were then fed into a continuous steam explosion pretreatment reactor (GreenField Ethanol, Chatham). The reactor was set at a temperature of 205 °C with pH 4.8 in a system pressurized with saturated steam. The overall retention time of the corncobs during pretreatment was 5 min. Hemicellulose was hydrolyzed to xylose or xylo-oligosaccharides under these conditions. The pressure of the reactor was rapidly released to atmospheric pressure, thus the pressurized corncobs were flashed into a cyclone separator, which increased the accessible surface area of the fibres for the enzymes. Pretreated corncobs with 80% moisture content were collected and adjusted to 60% by air drying for further xylose removal during the extrusion process.

All other chemicals (e.g., acetic acid, sodium sulfate anhydrous, tetracycline, cycloheximide, glucose and xylose) were of analytical grade and purchased from Sigma--Aldrich (USA). The Cellic CTec 2 cellulose enzyme was obtained from Novozyme (Canada).

2.2. Xylose removal during extrusion process {#sec0020}
--------------------------------------------

Experiments were conducted with a Leistritz co-rotating twin screw extruder (American Leistritz Extruder Corp, USA). The extruder was composed of twelve modular barrels that were each 200 mm long. The barrels were electrically heated using thermal induction and cooled by water circulation. Barrel temperature, water flow rate, feed flow rate and pressure were monitored from a control panel. The material was fed into the extruder inlet port (Barrel 0, [Fig. 1](#fig0005){ref-type="fig"}) at 4 kg/h by a gravimetric feeder (Brabender Technology, Canada). Water was injected into Barrel 8 by a positive displacement pump (Milton Roy USA). A solid/liquid separator was positioned in Barrel 9 to collect the filtrate mainly containing dissolved xylose. Two pressure sensors were positioned in Barrels 8 and 10, respectively, to detect the pressure on both sides of the filter. Two screw configuration profiles ([Fig. 1](#fig0005){ref-type="fig"}A and B) were used to produce the extruded corncobs with 7% and 80% xylose removals, respectively. These two screw configuration profiles were built by placing conveying, kneading and reverse screw elements at different positions and intervals. The conveying screw elements were used for material transportation and their smaller pitch could compress the products and achieve a high degree of filling within each barrel. Kneading screw elements oriented at different angles were used to break down large solids and to mix biomass and water to achieve a homogeneous distribution. In addition, reverse screw elements carrying the materials in the opposite direction were placed immediately before and after the filter to increase forward and backward pressure. The only differences between these two screw configuration profiles concerned their backward pressure development zones, situated in zone 11. The backward pressure development zone was composed of two reverse screw elements for Profile A, but only one for Profile B, which caused lower backward pressure, resulting in less xylose removal. All experiments were conducted at a barrel temperature of 100 °C, screw speed of 100 rpm, and a L/S ratio of 1.2.Fig. 1Screw configuration profiles used to achieve 7% (a) and 80% (b) xylose removal. Convening element: C1: GFA-2-30-30, C2: GFA-2-30-90, C3: GFA-2-40-60, C4: GFA-2-40-90. Kneading elements: K1: KB2-15-30°, K2: KB2-15-60°, K3: KB2-15-90°, K4: KB2-15-30°-Li. GFA-2-XX-XX: G = co-rotating, F = conveying, A = free-meshing, 2 = number of threads, the first XX = pitch, the second XX = length of screw element. KB5-2-30-XX-Li: KB = kneading block, 5 = number of kneading segments, 2 = number of threads, 30 = length of kneading block, XX = twisting angle of the individual kneading segments, RE = conveying element, Li = reverse element, X2 = two same elements.

2.3. Carbohydrate analysis {#sec0025}
--------------------------

The concentration of glucose was quantified by an Agilent 1260 Infinity high-performance liquid chromatography (HPLC) using a MetaCarb H Plus Column 300 × 7.8 mm (Agilent Technologies, USA), equipped with a refractive index detector. Before analysis, hydrolyzed liquid samples were subjected to 50× dilutions and filtered through a 0.2 μm cellulose acetate membrane (VWR International, USA). The column temperature was maintained at 60 °C and the flow rate was 0.7 ml/min (5 mM H~2~SO~4~). The glucose conversion was calculated by comparing the amount of glucose produced in the hydrolyzate to the total amount of glucose monomers present in the pretreated biomass.

2.4. Enzymatic hydrolysis {#sec0030}
-------------------------

Enzymatic hydrolysis of extruded corncobs was conducted in 100 ml screw capped glass vials with the Cellic CTec 2 enzyme obtained from Novozyme (Canada). The enzyme activity was measured to be 168.2 FPU/ml. Applied enzyme loadings varied from 1.8 to 7.2 FPU/g DM of the extruded corncobs with 80% xylose removal and from 1.1 to 4.4 FPU/g DM of the extruded corncobs with 7% xylose removal. The enzyme loading was determined based on the total cellulose amount in each extruded corncob. The hydrolysis mixture consisted of 12% (w/v) dry matter/buffer and 0.1 M sodium citrate buffer (pH 5.0), which was supplemented with 40 μl tetracycline and 30 μl cycloheximide to prevent microbial contamination during digestion. Tween 80 (Sigma--Aldrich, USA) was used in these hydrolysis experiments to enhance the enzymatic hydrolysis of extruded corncobs. All vials were incubated at 50 °C in a rotary shaker (Infors HT, Switzerland) at 140 rpm from 48 h to 96 h. Each experiment was conducted in triplicate. 50 μl of an aliquot sample was withdrawn from each reaction mixture at different hydrolysis times according to the experimental design and kept at −20 °C for 10 min to denature enzyme activity. Each sample was diluted, filtered and 1 ml was transferred to a HPLC vial for glucose analysis.

2.5. Scanning electron microscopy (SEM) {#sec0035}
---------------------------------------

The surface properties and microstructure of untreated and pretreated corncob samples were observed using scanning electron microscopy (SEM) (Hitachi S-4800) at an accelerated voltage from 1.0 to 5.0 kV. After air-drying, the surface of the sample was covered with a thin layer of gold before observation using a sputter coater (Emitech K550X, UK) for 3 min to make it more conductive for charge. Digital images were obtained at magnifications ranging from 600× to 20,000×.

2.6. Crystallinity measurement {#sec0040}
------------------------------

The crystallinity index is a helpful measure of the relative degree of crystallinity [@bib0130], [@bib0205]. X-ray diffraction (XRD) was used for phase identification of the untreated and pretreated corncobs. Samples were ground to pass through a 150 μm-mesh screen and the crystallinity was determined by Rigaku (USA) using the CoKα radiation source. Samples were scanned at a speed of 5° (2*θ*)/min for the continuous run in the 5 to 45° (2*θ*) range.

The crystalline index (CrI) of cellulose samples was determined through the X-ray diffraction patterns based on the following relationship [@bib0030]: $$CrI = \frac{I_{\max} \times I_{\min}}{I_{\max}} \times 100\%$$Where *I*~max~ represents the maximum intensity peak for cellulose *I* at 2*θ* around 26°, *I*~min~ represents the minimum intensity peak for the amorphous region (cellulose II) at 2*θ* around 19° based on Bragg\'s law conversion from the Cu*K*α radiation source.

2.7. Experimental design {#sec0045}
------------------------

A face centered central composite design (FCCD) with four factors was chosen to evaluate the effect of the selected variables on the response pattern and to determine the optimum combination of enzyme loading (2%--8%), Tween 80 concentration (0%--6%) and hydrolysis time (24 h--72 h) with extruded corncobs with different xylose removals (7% and 80%) were used to maximize glucose conversion from pretreated corncobs. Each factor level was selected based on preliminary studies. Preliminary results from a full factorial design had shown significant curvature (data not shown), hence a central composite design was chosen, in particular, a 'face centered' design as only two types of extruded biomass were available (7% and 80% xylose removal). The ratio of the total amount of glucose produced in the hydrolyzate to the total theoretical amount of glucose in the steam-exploded corncobs (analyzed after acid hydrolysis) was chosen as the response for analysis. The experimental design was developed using the software Design Expert, version 8.0.7.1 (Stat Ease, Inc. USA). The resulting 22 experimental conditions, as well as three center point replicates for each type of biomass, were tested in triplicate and data is presented as the average of triplicates ± standard deviation. All experiments were performed fully randomized, and the data was fitted via linear regression to a second order model: $$y = \beta_{0} + \Sigma_{i = 1}^{k}\beta_{i}x_{i} + \Sigma_{i = 1}^{k}\beta_{ii}x_{i}^{2} + \Sigma_{1 \leq i \leq j}^{k}\beta_{ij}x_{i}x_{j} + \epsilon$$Where *y* is the predicted response, *x*~i~ represents the independent variables, *k* is the number of variables, *β*~0~ is the interception coefficient, *β*~i~ represents the linear coefficient of each independent variable, *β*~ii~ represents the coefficients of the quadratic terms, *β*~ij~ represents the coefficients of the interaction effects and *ε* is the random error.

Analysis of the variance (ANOVA) was performed and the significance of each variable, the interaction, and quadratic effects were determined based on a significance of *α* = 0.05 using the *F* -test. The fitted model was evaluated by *R*^2^, adjusted *R*^2^, adequate precisior and the lack of fit coefficient for determining the adequacy. In addition, the fitted model was validated by performing experiments using the identified conditions of the significant variables [@bib0005].

3. Results and discussion {#sec0050}
=========================

The carbohydrate composition of the investigated corncobs before and after steam explosion and after different extruder treatments was measured after acid hydrolysis [@bib0045], [@bib0105], [@bib0025]. The data are shown in [Table 1](#tbl0005){ref-type="table"} (based on total dry matter). The relative glucose content, which was the largest fraction of monosaccharides, increased from 41% to 66% and 58%, respectively, depending on different extrusion process conditions. The hemicelluloses fraction was largely hydrolyzed to xylose under high temperature and pressure during the steam explosion pretreatment. 7% xylose removal from the steam exploded corncobs was achieved through the extrusion process at a barrel temperature of 65 °C and a screw speed of 100 rpm without adding water, while 80% xylose removal was achieved when the barrel temperature increased to 100 °C and water was injected at Barrel 8 at 2.9 kg/h. Arabinose, galactose, and mannose were found in minor fractions (\<5.0%).Table 1Carbohydrate composition of corncob samples after different treatment conditions (average of triplicates ± standard error).Ground corncobs (%)Steam exploded corncobs (%)Extruded corncobs with 80% xylose removalExtruded corncobs with 7% xylose removalGlucose41.3 ± 0.7555.4 ± 1.6165.5 ± 1.5058.1 ± 1.52Xylose29.0 ± 1.2522.8 ± 1.297.4 ± 0.1019.4 ± 1.00Arabinose4.2 ± 0.182.4 ± 0.071.5 ± 0.072.3 ± 0.06Galactose1.5 ± 0.100.6 ± 0.050.2 ± 0.030.6 ± 0.03Mannose0.4 ± 0.030.3 ± 0.030.3 ± 0.030.2 ± 0.02

3.1. Biomass characterization {#sec0055}
-----------------------------

SEM images of untreated and extruded corncobs with different xylose removals at different magnifications are shown in [Fig. 2](#fig0010){ref-type="fig"}. Based on the differences from SEM micrographs, it was evident that the untreated corncobs exhibited a highly fibrillar, ordered and rigid surface structure and the surface is relatively smooth ([Fig. 2](#fig0010){ref-type="fig"}A and B); however, after the extrusion pretreatment, the corncobs were separated into differently irregular fibres with different dimensions and some internal areas were fully exposed, thus increasing the internal surface area. At the same time, the surface of extruded corncobs was more chapped, cracked and coarser structures compared to the images in the untreated corncobs. In addition, some pores were observed on the surface of extruded corncobs which could be caused by moisture evaporation under the high temperature ([Fig. 2](#fig0010){ref-type="fig"}C, D, E and F). Extrusion pretreatment provides mixing, shear force and heat to corncobs; therefore, moisture can evaporate and deeply penetrate corncobs particles during extrusion [@bib0200].Fig. 2SEM images at various magnifications for untreated and extruded corncobs. (A,B) untreated corncobs with no xylose removal, (C,D) extruded corncobs with 7% xylose removal, (E,F) extruded corncobs with 80% xylose removal.

The structures of untreated and extruded corncobs were examined using a powder X-ray diffractometer (XRD) [Fig. 3](#fig0015){ref-type="fig"}. The crystal structure of cellulose can be changed by various pretreatments by disrupting inter-and intra- chain hydrogen bonding of cellulose fibrils [@bib0145]. The diffractogram results show that the untreated and extruded corncobs have the typical cellulose I and cellulose II allomorph characteristics at 2*θ* = 26° and 2*θ* = 19°, respectively. For untreated corncobs, the crystalline peak predominates over the amorphous peak, likely due to the presence of higher crystalline cellulose content in untreated corncobs, a form of cellulose which is difficult for enzymatic hydrolysis. The crystallinity index (CrI) for different treatments was calculated from the XRD data by means of three replicates and were 0.304 ± 0.02, 0.462 ± 0.03 and 0.510 ± 0.007 for untreated, '7% xylose removed' and '80% xylose removed', respectively. After the extrusion pretreatment, the peak height of the extruded corncobs increased and became sharper, showing that the amount of cellulose increased, which could be confirmed from the composition analysis in [Table 1](#tbl0005){ref-type="table"} and indicates a higher crystallinity degree in the extruded corncobs. The crystallinity increase after pretreatment might be caused by the removal of amorphous components of lignin and hemicelluloses, consistent with values typically reported in the literature. This also confirms that the extrusion pretreatment is an effective method to expose cellulose to enzymatic conversion. An increase in the crystallinity of the extruded corncobs is corresponding to an increase in the rigidity of the cellulose structure, which causes higher tensile strength of fibres [@bib0135], [@bib0010], [@bib0100]. The extruded corncobs with 80% xylose removal have higher cyrstallinity at 2*θ* = 26° compared to the extruded corncobs with 7% xylose removal, as more amorphous xylose was removed during the extrusion process, thus the content of crystalline cellulose in extruded corncobs with 80% xylose removal is higher than extruded corncobs with 7% xylose removal confirmed in [Table 1](#tbl0005){ref-type="table"}. This conclusion was also confirmed by the statistical test of analysis of variance (ANOVA) (*F* value \> Fcrit) using Microsoft Office Excel 2007. Sun et al. [@bib0170] reported that switchgrass treated with certain ionic liquids increased crystallinity index by reducing amorphous cellulose, hemicelluloses and lignin, resulting in a higher hydrolysis rate by using the Cellic CTec 2 and HTec2. Hall et al. [@bib0210] tested the enzymatic hydrolysis rate of the pure cellulosic Avicel and found that the hydrolysis rate increased with a decreasing crystallinity index by endo- and exocellulases. However, the relationship between the crystallinity index of extruded biomass and its corresponding enzymatic hydrolysis rate is not well understood. A biomass with high crystallinity index may not necessarily negatively affect the enzymatic hydrolysis rate [@bib0100].Fig. 3X-ray diffraction diagram of untreated and treated corncobs. (A) untreated corncobs with no xylose removal, (B) extruded corncobs with 7% xylose removal, (C) extruded corncobs with 80% xylose removal.

3.2. Enzymatic hydrolysis {#sec0060}
-------------------------

The test conditions for enzymatic hydrolysis were chosen based on a statistical experimental design using a face centered central composite design (FCCD). The tested conditions and the resulting glucose conversion are shown in [Table 2](#tbl0010){ref-type="table"}. The results of the quadratic response surface model are shown in [Table 3](#tbl0015){ref-type="table"}. The *F* value of the model is 405.10 which is very high compared to the critical value (2.80), indicating that the model is highly significant. The value of "Prob \> *F*" was less than 0.0001, supporting that the model is significant. The significance of each parameter coefficient was determined by *P*-values (Prob \> *F*) if their-values were \< 0.05. The smaller the *P* values, the more significant the corresponding coefficient. Among the independent variables, enzyme loading, hydrolysis time, Tween 80 concentration and 'extruded corncobs with different xylose removals' had significant effects on glucose conversion. The quadratic effects of enzyme loading and hydrolysis time also had significant effects on glucose conversion. An adjusted *R*^2^ of 0.99 confirms the model's adequacy and no significant lack of fit was detected based on the *P* value. The signal to noise ratio for all experiments was greater than 4, indicating an adequate signal, which could be used to navigate the design space.Table 2Glucose release from extruded biomass under different conditions, based on central composite design.TrialFactorsResponseEnzyme loading (%,w/w)Tween 80 concentration (%, w/w)Different\
xylose removals (%)Hydrolysis\
time (hr)Glucose conversion (%)180802456.67 ±  1.3425374849.87 ±  1.75353804861.06 ±  0.73426802432.31 ± 2.1158072452.18 ± 1.68620807238.23 ± 1.31753804862.4 ± 0.6682672424.3 ± 1.74920802426.95 ± 1.02102077229.79 ± 1.671186802463.94 ± 0.98122677231.23 ± 1.25135374847.99 ± 1.631480807282.03 ± 0.83155374846.37 ± 1.80168077269.98 ± 1.21172072424.15 ± 1.761853804862.2 ± 0.85198672455.45 ± 1.462026807242.83 ± 0.77218677272.92 ± 0.912286807288.41 ± 0.64235372436.57 ± 0.592453802445.89 ± 2.052583804871.93 ± 1.112623804832.38 ± 1.232750804854.15 ± 1.152856804860.57 ± 1.60Table 3Analysis of variance of 2nd order model.SourceSum of squaresDegrees of freedomMean square*F* value*P* valueRemarkModel42.3594.71405.10\<0.0001SignificantLinear* X*~1~31.62131.622722.20\<0.0001* X*~3~4.3914.39377.56\<0.0001* X*~4~3.2913.29283.48\<0.0001* X*~2~0.3410.3429.37\<0.0001Interaction* X*~1~*X*~3~0.2810.2824.080.0001* X*~3~*X*~4~0.1010.108.800.0086* X*~2~*X*~4~0.0910.097.650.0132Quadratic$$X_{1}^{2}$$0.4310.4337.41\<0.0001$$X_{3}^{2}$$0.0810.086.840.0181 Residual0.20170.01 Lack of fit0.16130.011.370.4111Not significant Pure error0.0449.03 × 10^−3^* R*^2^0.9954 Adj-squared0.9929 Pre *R*^2^0.9884 Adequate precisior69.64 C.V.1.54

Based on the selected significant variables, the regression analysis yielded the following quadratic model, which was an empirical relationship between glucose conversion and the test variables in terms of coded units (−1 to +1): $$Y = + 7.27 + 1.33X_{1} + 0.14X_{2} + 0.52X_{3} + 0.37X_{4} + 0.13X_{1}X_{3} + 0.071X_{2}X_{4} + 0.076X_{3}X_{4} - 0.38X_{1^{2}} - 0.16X_{3^{2}}$$Where, *Y* is the square root of glucose conversion (%); *X*~1~, *X*~2,~ *X*~3~ and *X*~4~ are enzyme loading, Tween 80 concentration, hydrolysis time and, 'extruded corncobs with different xylose removals (7%, 80%), respectively.

### 3.2.1. Combined effects of variables on glucose conversion {#sec0065}

Surface plots were generated to further illustrate the interaction of corresponding parameters. The effect of Tween 80 concentration and enzyme loading on the enzymatic hydrolysis of extruded corncobs is shown in [Fig. 4](#fig0020){ref-type="fig"}. For the extruded corncobs with 7% xylose removal, as can be seen in [Fig. 4](#fig0020){ref-type="fig"}A and B, the glucose conversion was not affected significantly in the presence of the Tween 80 when the enzyme loading and hydrolysis time were varied (*P* = 0.05). This indicates that xylose might be the major factor limiting enzymatic hydrolysis. For the extruded corncobs with 80% xylose removal, the effect of Tween 80 was very small at 24 h ([Fig. 4C](#fig0020){ref-type="fig"}). However, when the hydrolysis time was prolonged to 72 h ([Fig. 4D](#fig0020){ref-type="fig"}), increasing Tween 80 concentration resulted in a significant increase in glucose conversion at a high level of enzyme loading (*P* \< 0.05). However as the hydrolysis time increases it would be expected to see a decrease of the hydrolysis rate due to cellulosic substrate decrease, increase of potentially inhibitory end- and by-products and general enzyme deactivation [@bib0065]; potentially more evident at low enzyme loadings. The plot shows that a higher hydrolysis yield was obtained in the presence of a high level of Tween 80 concentration. For example, the difference in the glucose conversion was changed from 36% to 42% when the enzyme loading was 2%, and a higher difference was obtained from 80% to 88% when the Tween 80 concentration increased to 6% at an enzyme loading of 8%. In addition, the surfactant also could prevent the unproductive binding of cellulase to lignin by absorbing into the surface of lignin. This enabled the more active enzyme to only react with cellulose to improve the glucose conversion [@bib0050].Fig. 4Response surface plot showing interaction effects of Tween 80 concentration and enzyme loading (A, B: constant hydrolysis time of 24 h and 72 h, respectiveley with extruded corncobs with 7% xylose; C,D: constant hydrolysis time of 24 h and 72 h, respectively with extruded corncobs with 80% xylose removal).

The combined effect of enzyme loading and hydrolysis time at fixed Tween 80 concentration (3%) is shown in [Fig. 5](#fig0025){ref-type="fig"}. As can be seen from [Fig. 5](#fig0025){ref-type="fig"}A, the conversion of glucose increased from 22% to 29% at an enzyme loading of 2% with extruded corncobs with 7% xylose removal, but increased from 51% to 68% at 8% enzyme loading when increasing hydrolysis time from 24 to 72 h. The effects of hydrolysis time on the glucose conversion of extruded corncobs with 80% xylose removal were also observed ([Fig. 5B](#fig0025){ref-type="fig"}). When enzyme loading was at 2%, glucose conversion was only 28% at the hydrolysis time of 24 h. Increasing the amount of cellulase significantly improved the glucose conversion to 59% when enzyme loading increased from 2% to 8%. Enzyme crowding on the cellulose surface, an effect that can result in lower hydrolysis rates at increasing enzyme concentrations [@bib0185], was not observed under the experimental conditions. An increase in hydrolysis time from 24 to 72 h at 2% enzyme loading only resulted in a slight increase in the glucose conversion. This might be due to not enough cellulase reaching adsorption saturation for a certain amount of cellulose hydrolysis in the reaction mixture. Further increases in the enzyme loading would slow down the glucose conversion due to more unused cellulase in the mixture solution. Thus, as expected, glucose conversion could be increased with longer hydrolysis times at a higher enzyme loading.Fig. 5Response surface plot of the combined effects of hydrolysis time and enzyme loading on the glucose conversion. (A: constant Tween 80 concentration (3%) with extruded corncobs with 7% xylose removal; B: constant Tween 80 concentration (3%) with extruded corncobs with 80% xylose removal).

The effect for xylose removal (designated as a categorical parameter) could be visualized in two-dimensional plots as shown in [Fig. 6](#fig0030){ref-type="fig"}. [Fig. 4](#fig0020){ref-type="fig"}, [Fig. 5](#fig0025){ref-type="fig"} already show that high xylose removal clearly resulted in enhanced enzymatic digestibility. [Fig. 6](#fig0030){ref-type="fig"} highlights this by showing the model results for glucose conversion as a function of hydrolysis time and Tween 80 surfactant concentration, respectively, for both types of biomass, while the remaining variables were at their center points. These findings are consistent with several studies showing that cellulose conversion by enzymatic hydrolysis can be facilitated if a high percentage of hemicelluloses are removed [@bib0095], [@bib0195], [@bib0150].Fig. 62D plot showing interaction effects of extruded corncobs with different xylose removals with hydrolysis time, Tween 80 concentration on the glucose conversion, respectively. (A: constant Tween 80 concentration (3%) with enzyme loading of 5%; B: constant hydrolysis time of 48 h with enzyme loading of 5%; dash line: extruded corncobs with 7% xylose removal; solid line: extruded corncobs with 80% xylose removal. Symbols represent measured data.

### 3.2.2. Model validation {#sec0070}

In order to confirm the validity and applicability of the second-order polynomial regression model obtained from the experimental data, six confirmation runs were carried out as listed in [Table 4](#tbl0020){ref-type="table"} to compare the difference between the predicted and measured values. The results in [Table 4](#tbl0020){ref-type="table"} shows that the difference is below 3%. A plot of predicted versus measured values as shown in [Fig. 7](#fig0035){ref-type="fig"} also verifies the overall good fit of the suggested models, indicating that the proposed model could be a useful and accurate model to express the actual relationship between the response and significant variables to predict the glucose conversion.Fig. 7Predicted versus measured values for glucose conversion.Table 4Operating conditions and predicted and measured response of confirmation experiments.TrialEnzyme loading (%)Tween 80\
concentration (%)Different xylose removals (%)Hydrolysis time (h)Predicted glucose conversion (%)Measured glucose conversion (%)Error186.00807287.6690.01 ± 0.69+2.61253.0074847.6148.56 ± 1.85+1.9637.25.90807283.5585.11 ± 0.90+1.83442.0076042.9443.70 ± 1.25.+1.74553.00804858.3759.65 ± 1.04+2.15623.0077228.5929.45 ± 2.09+2.92

4. Conclusion {#sec0075}
=============

Twin-screw extruders can be used as a pretreatment method for lignocellulosic biomass to produce material with varying xylose contents. The xylose content can be controlled based on the employed screw configuration, as demonstrated for steam-exploded corncobs. The extrusion process further led to an increase in cellulose crystallinity, while structural changes were also observed via SEM. The effects of residual xylose (7% and 80% removal through extrusion process), enzyme loading, surfactant addition, and hydrolysis time on enzymatic hydrolysis could be described with an 2nd order polynomial model, based on data generated through a face-centered central composite design. All independent variables and the interaction effects of enzyme loading and hydrolysis time, hydrolysis time and xylose content, Tween 80 concentration and xylose content, the quadratic terms of enzyme loading as well as the quadratic term of hydrolysis time had a significant effect on enzymatic hydrolysis.
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